Purpose: To provide insight into the possible etiology and prevalence of heterotaxy, we studied conditions associated with heterotaxy in a consecutive hospital population of newborns. Methods: From 1972 to March, 1999 (except February 16, 1972 to December 31, 1978, 5 8 cases of heterotaxy were ascertained from a cohort of 201,084 births in the ongoing Active Malformation Surveillance Program at the Brigham and Women's Hospital.
verted situs, abnormalities o f the spleen and complex cardiovascular malformations (CVMs) (Table l).1-3 Right and left atrial appendage isomerism are not always associated with asplenia and polysplenia, respectively, nor does spleen phenotype predict appendage morphology.'
Many articles have described the anatomic components o f heterotaxyl-l3 and more recent reviews outline its genetic bas i~. l J -~~ Equally abundant and often confusing are the terms that refer to this large category o f malformations. Some describe classic heterotaxy (e.g., asplenia, polysplenia, rightlleft isomerism), others apply to the entire spectrum ofcardiac malpositions (e.g., laterality defects, defects o f right-left determination, right-left-axis malformations). Although one large epidemiologic study presented clear case definition," m i n i m u m diagnostic criteria are often omitted, a situation that hampers both clinical and molecular studies. Perhaps the clearest definition is based o n what heterotaxy is not: any arrangement o f organs across the left-right axis differing from complete situs solitus or complete situs inversus.I4 Table 1 Cardiac, pulmonary, and abdominal manifestations of situs solitus, situs inversus, and h e t e r o t w A variety of clinically recognizable genetic conditions has been reported in humans with heterotaxy.9J5. 17 In addition, major advances in the identification of gene mutations in animals and humans support a growing body of knowledge about causes of laterality defe~ts.14,~s-zo Most cases of heterotaxy are sporadic occurrences without a recognizable cause." We analyzed births at a tertiary care urban hospital to determine the type and frequency of conditions associated with heterotaxy. We also compared the hospital-based newborn prevalence with reported population estimates.
MDHODS Classification of heterotaxy
There is no agreement as to the best way to classify heterotaxy patients. Most authors have used spleen number and morp h o l~g y . l ,~.~ Others prefer atrial isomerism6 or cilia morphology.I5 The population-based Baltimore-Washington Infant Study assigned a hierarchical allocation and included looping abnormalities with laterality defects. 17 We chose spleen number and morphology as a reasonable, though imperfect, system for categorizing patients. The minimum diagnostic criteria (Table 2) for heterotaxy required the presence of (1) complex CVM, plus at least 2 of the following: ipsilateral abdominal aorta and IVC, or IVC interruption, isomerism of the atrial appendages, isomerism of the lobes of the lungs or bronchial branching, spleen anomaly, inverted or symmetric liver, gallbladder, and stomach. If applied retrospectively, this definition would encompass most heterotaxy patients in the literature. Because heterotaxy is a spectrum with milder forms, and because certain anomalies carry greater diagnostic weight, we also included patients with (2) IVC interruption and a spleen anomaly who had no CVM or one which was trivial, and those with (3) polysplenia, other anomalies, and a mild CVM. Also included were (4) fetuses with highly suggestive anomalies in whom precise definition was precluded by a destructive termination procedure. Similarly, we included (5) a pair of siblings in whom heterotaxy was diagnosed confidently in the first pregnancy, but less certainly in the second. When evaluated as a pair, heterotaxy is a reasonable diagnosis for both.
Exclusions
We excluded patients with isolated asplenia, those with 1 or 2 accessory spleens (which differ from the multiple splenuli of polysplenia) and poor anatomic description. We excluded patients with isolated abdominal situs inversus or dextrocardia. Strictly speaking, these are not heterotaxy although they are laterality defects; they are not ambiguous or symmetric. Rele- vant to our patient ascertainment, situs inversus and dextrocardia are not identified consistently in newborn surveillance programs. The patients in this Surveillance Program were not examined by our staff; the information provided by the pediatricians and other specialists was used to determine the phenotype. Furthermore, the important distinction between dextrocardia (a true cardiac malformation) and dextroposition or dextroversion (altered cardiac position) cannot be made from the brief newborn record.
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Conditions associated with heterotaxy
Patient ascertainment
From February 16, 1972 to March 10, 1999 (except for the period February 15, 1975 to December 3 1, 1978 , we identified patients with heterotaxy among 201,084 births in the ongoing Active Malformation Surveillance Program at the Brigham and Women's Hospital (BWH), a tertiary care hospital. Ascertainment includes liveblrths, stillbirths >20 weeks, and elective terminations in the second trimester; spontaneous abortions <20 weeks were not included. Patients were identified up to the day of discharge, usually within 5 days. Active surveillance was conducted by research assistants who identified index cases of CVM 5 days a week in the 1970s and 6 days a week in the 1980s.
The methodology of this surveillance program has been described previo~sly.21.~~ To summarize briefly, the research assistants made frequent visits to obstetric floors, regular nurseries, intensive care nursery, and autopsy suite to ask nurses, pediatricians, pediatric cardiologists, and pathologists to identify all fetuses and infants with a malformation, including heterotaxy. Beginning in the 1980s, each day the research assistant obtained the list of all infants that had been born in the previous 24 hours and reviewed that infant's hospital record for the &dings by the examining pediatrician and any consultants. Demographic and medcal data were recorded by research assistants. In the 1990s, ascertainment on Saturdays and holidays was added.
Because BWH is a tertiary care center, we determined the transfer status of the mother of each case. A "transfer" was a mother who had intended to deliver elsewhere, but was transferred to the BWH after the prenatal detection of a fetal abnormahty. A "nontransfer" was a mother who had planned to deliver at BWH. Data analysis was performed according to this division of transfer and nontransfer status. Determining the transfer status of mothers evolved during the study period. In 1979 through 1981, data were obtained primarily from medical records or the obstetrician, less frequently from the mother herself. From 1982 onward, we used the maternal interview as the primary source.
The results of cardiology, genetic and cardiac surgical consultations, diagnostic tests, and autopsy reports were also used to establish the diagnosis. Autopsies were performed on approximately two-thirds of the suborn infants delivered in each year. Cases were classified by suspected or confirmed genetic cause (i.e., chromosome abnormality, single gene) environmental factor (i.e., maternal insulin-dependent diabetes metlitus or exposure to teratogenic drugs) multifactorial mheritance, twinning (monozyamong nontransfers (3, 15%) and transfers (5, 13%) . of the gotic, dizygotic, conjoined), and unknown causation.
older mothers had been transferred. Comparing the two most common spleen phenotypes among all patients, asplenia was
RESULTS
more likely than polysplenia to be associated with neonatal death among livebirths (13 of 21,62%) .
Heterotaxy prevalence
During a 24 year period, 58 infants with heterotaxy were identified from a cohort of 201,084 births. Thirty four percent were nontransfers and 66% were transfer births ( Table 3 ). The birth prevalence rate for the 20 nontransfers was 0.99 per 10,000 total births (20 of 201,084) . This hospital-based prevalence rate is the similar as the published population-based estimate of approximately 1 per 10,000.10,17
Clinical features
Classic heterotaxy was less common among nontransfers (55%) than transfers (79%), whereas a less severe form (WC interruption and spleen anomaly) was more common among nontransfers (35%) than transfers (8%) ( Table 2) . Among all patients, most were female, white, and liveborn. Most nontransfers were also liveborn, but showed equal sex ratio and race distribution. The 8 elective terminations occurred after 1984 when prenatal diagnosis was commonly available, and the frequency was similar
Associated conditions
Noncardiac, nonpulrnonary malformations occurred with similar frequency among nontransfers ( 12, 60%) and transfers (34,59%) ( Table 4 ). The CVM anatomy was diagnosed using the following techniques among nontransfer and total patients: fetal echocardiography alone (2, 10%; 4 7 % ) ; fetal echocardiography and another method (12,60%; 43,74%) ; autopsy alone (1,5%; 4, 7%); and combinations of catheterization, surgery, echocarlography, and autopsy (5,25%; 7, 12%) . The spleen phenotype was diagnosed by autopsy (8,40%; 20,34%) , ultrasound examination (5,24%; 14,24%), isotope scan (3,15%; 11,19%) , and surgery (0; 1,2%). In one nontransfer patient, the spleen status was unknown because a lsruptive termination procedure precluded complete examination. In the absence of a definitive study, the spleen status was defined by the pediatric cardiologist's assignment based upon characteristic CVMSI-~ in 3 ( 15%) nontransfer and 10 (17%) total patients. 
NON, nontransfer (mother who planned to deliver at BWH); TX, transfer (mother who transferred care to BWH because of the prenatal detection of a fetal abnormality eab, elective abortion; LB, liveborn. Table 4 presents details of a positive family history of heterotaxy, CVM, other malformation and specific syndromes. If only patients with a first degree relative with a CVM or heterotaxy are analyzed, the frequency of this more relevant family history figure decreases to 10% ( 1 nontransfer) and 9% (5 total). These families include the 3 sib pairs with heterotaxy, i.e., a brother with asplenialsister with polysplenia, brother with asplenialsister with normal left spleen, sister with polyspleniaIsister with unspecified spleen morphology born outside of the study, and 2 patients who had a relative with a CVMs, i.e., a sister with a right spleenlbrother with unspecified CVM, and girl with asplenialfather and greatgrandfather with pulmonic stenosis. In addition to the two patients whose mothers had insulin-dependent diabetes mellitus (IDDM), there was one mother with "gestational" diabetes who was not tabulated. Heterogeneity among the associated conditions (Table 5) was apparent. Excluhg twinning as an associated condition, 10 of 52 (19%) singleton births were associated with a condition.
DISCUSSION
In contrast to the multitude of studies that define the anatomic aspects of heterotaxy and the growing number of molecular biology articles that report individual gene mutations, there are few studies reporting associated conditions derived from epidemiologic surveys.'' We analyzed associated conditions and newborn prevalence in a consecutive hospital-based series. Of the associated conditions observed in our study, some can be viewed as a genetic etiology (e.g., chromosome abnormality), whereas others lack proof of causation (e.g., maternal IDDM, twinning). 
Challenges in analyzing heterotaxy
Because so many organs are involved in heterotaxy patients, information is often incomplete (Table 1) . Situs ambiguous, implying indeterminate sidedness ofthe liver, gallbladder, and stomach, should not be diagnosed until a diligent search has been made. To define the spleen phenotype, imaging studies (ultrasound, radionuclide), inspection at surgery or autopsy is needed. Clinicians may deem them unnecessary in patients who have certain complex CVMs that typify polysplenia (i.e., IVC intermption, atrioventricular canal) or asplenia (i.e., bilateral superior vena cava, ipsilateral IVC and abdominal aorta, transposed great arteries, p.dmonary stenosislatresia, total anomalous venous return).'-3 Analysis of the bronchial anatomy on standard or overpenetrated chest radiographs is convenient and reliable, but overlooked. Lung lobation can be determined only at autopsy. A description of the atrial appendage morphology can be attempted with echocardiography, but autopsy is definitive. Family studies have suggested that the spectrum of heterotaxy encompasses less severe forms.I5 For this study, we included as "incomplete heterotaxy" patients with N C interruption or polysplenia without complex CVMs and lung isomerism ( Table 2) .
Previous studies
Because of the plethora of anatomic terms and study designs, publications about heterotaxy should be scrutinized to ensure vabd comparison. One study to which these h h g s can be com- pared is the Baltimore-Washington Infant Study" despite important Merences in methodology. Laterality and looping defects were classified together, and no category was specifically called heterotq. Such patients were classified among those with cardio-visceral discordance, subclassified by cardiac position, further by visceral situs, and eschewing subdivision by splenic phenotype. There were analogous categories for patients with 1-TGA. Recognizing that there were no homogeneous subgroups, separate analyses were not done. Unllke our study, they excluded conjoined twins. Risk factors were sought systematically. Using multivariate analyses of cases and controls, six risk factors were identified: family history ofheart defects, family history of noncardiac anomalies, maternal diabetes, antitussive use, paternal smoking, and low socioeconomic status. Our study showed a hospital-based prevalence of heterotaxy of approximately 1110,000. Literature reports of population-based prevalence are similar. Penman-Splitt et a1.I5 cited Torgersen23 and Campbell14 who had reported complete situs inversus in 1110,000, from which they deduced that the prevalence of heterotaxy would be <1/10,000. However, in a subsequent publication,15 they mentioned a 1124,000 prevalence for right or left isomerism. In the New England Regional Infant Cardiac Program,25 the prevalence was 0.9/10,000 among livebirths hospitalized to age 1 year. This was a heterogeneous cohort that included 
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Familial occurrence and syndromes
The recurrence of heterotaxy in siblings suggests autosomal recessive inheritance, but multifactorial inheritance is also a pos~ibility.'~ To investigate this, cardiac and visceral imaging studies of extended family members, and mutation analysis for heterotaxy genes will be needed. As noted by other^,^^,^^ our series reports asplenia and polysplenia occurring in the same family. A single sibship suggested the role of a possible single gene. This was a male proband with autopsy proven asplenia, complex CVMs, and absent thymus. His brother, born 2 years earlier, had been diagnosed as having DiGeorge syndrome. Though unproven, the second boy may have had the same. Chromosomes were normal (46,XY) in the proband. Molecular analysis for deletion 22qll was not available, nor was there was parental investigation. There were no patients in our series with any ofthe "Oral-Facial-Skeletal syndromes" (e.g., ElLis-van Creveld syndrome, short rib-polydactyly syndromes). It has been hypothesized that they represent overlap with heterotaxy because of the common occurrence of similar CVMs, notably common atrium and the spectrum of atrioventricular canal defects."
Chromosome abnormality syndromes
Chromosome abnormahties in heterotaxy patients were uncommon in the literature and our series (Table 6 ), but provide tantalizing clues about the location of possible genes. One boy with polysplenia, left isomerism, and a CVM had an insertion involving chromosomes 7q22 and 8q12-24.'This same chromosome locus may have been altered in another boy with split handsplit foot, asplenia, right isomerism, and complex CVM whose mother had a balanced translocation involving 2q2 1.1 and 7q22.1 that segregated in the pedigree with split hand-split foot.29 Unfortunately, the child himself did not have a chromosome analysis, and it remains unproven whether he carried the same balanced translocation or a corresponding deletion involving 7q22.1. The association of deletion 8p23.1 and atrioventricular canal defects provides a possible I O C U S .~~ An association between 8p23 and heterotaxy has not been noted before, but the presence of left atrial isomerism in two of nine patients, accompanied by bilateral left lung lobation, N C interruption, and intestinal malrotation supports this n0tion.3~ One of our patients and another from the Baltimore-Washington Infant Study had trisomy 13. This trisomy and other forms of aneuploidy are uncommon among heterotaxy syndromes.17 Interestingly, none of the chromosome abnormality breakpoints on Table 6 correspond to the location of known molecular loci.Is
Maternal diabetes
Although maternal diabetes has been reported with situs inver-S U S ,~~ the association with a broader spectrum of laterality defects has been proposed only recently (Table 7) . It is difficult to interpret the significance of the 1 ( 10%) nontransfer and 2 (3%) total heterotaxy patients with maternal IDDM in this series. The frequency of maternal IDDM in the underlying BWH population, i.e., births with a malformation besides heterotaxy (nontransfer and total), is not available. At the BWH in 1998, figures are available for the frequency of pregestational diabetes (0.8%), gestational diabetes (3.6%), and insulin treatment (31% of 3.6% = 1.1%) (Dr. Ellice Lieberman, personal communication). These figures compare with reported estimates of 0.1-0.4%, 3-5% and lo%, respecti~ely.~~ Based on this s m d case series alone, diabetes can not be reported to be a risk factor for heterotaxy. However, the predominance of polysplenia withiwithout left atrial isomerism in the literature and our patients is noteworthy (Table 7) . Furthermore, an increased odds ratio with "overt" diabetes was noted among infants in the Baltimore-Washington Infant St~dy.l~.33,3~ Malformations of the left-right axis in the offspring of nonobese diabetic (NOD) mice provide a model system to investigate the molecular basis of diabetic e m b r y~p a t h y .~~.~~
Implications for genetic counseling
Identifying an underlying etiology would improve recurrence risk assessment. In most cases, empiric risk estimates (e.g., sibling recurrence of 4%)153 have been used. All heterotaxy patients require a careful family history in which the entire spectrum of laterality defects should be sought. Individual family members may require an echocardiogram, chest radiograph, or abdominal ultrasound. Prenatal ultrasound diagnosis of heterotaxy and CVMs warrants antenatal chromosome analysis. Given the current expanding knowledge of the number of mutations associated with the spectrum of laterality defe~ts,~"amilies with heterotaxy may be candidates to participate in molecular studies on a research basis. Appendix continues on the next two pages. Brother: CVM NS j e n e n t m Medicine
Appendix. Clinical and cardiac features in 58 patients with heterotaxy
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